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Previous studies have shown that ThNe lamps are very suitable for the precise measurement of wavelength variations.
A critical issue for all hollow cathode lamps (HCL) is the current at which the lamp is operated – a low value has the
advantage that the life time of the lamp is longer whereas the number of useful lines is lower. We investigate the number
of suitable spectral lines depending on the current used and obtained spectra of a ThNe HCL coupled by a fibre to the
Tautenburg Echelle spectrograph in a setting that is typical for many high-resolution spectrographs. Operating currents
were chosen in the range specified by the manufacturer. We varied exposure time to identify the saturation level and effects
of noise. A few thousands of Th lines were identified automatically in the wavelength range considered. We noticed a
scatter of several hundred ms−1 of Th lines when varying the settings but did not detect any systematic trends. The scatter
in wavelength residuals of Th lines however indicates that a precise control of operating current can be necessary. An
estimation of the calibration precision of individual lines indicates that a combination of strong Th lines allows one to
reach a level of 1ms−1. Although a high operating current reduces the life-time of the lamp and accelerates its ageing
it guarantees highest precision because of the numerous Th lines which become strong compared to the Ne lines. Then,
noise, saturation, wavelength residuals of lines identified, and the pollution due to saturated Ne lines can be minimised by
adjusting exposure time. Our results indicate that ThNe lamps can be better suited than ThAr lamps for all kinds of studies
that involve the precise measurement of radial velocity variations, e.g. studies on late-type stars, brown dwarfs, objects
that suffer from strong extinction, or high-redshift galaxies.
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1 Introduction
We characterise the spectrum of a ThNe hollow cathode
lamp (HCL) which is an interesting choice for new spec-
trographs extending beyond the red part of the spectrum
into the Y band. One of the main science drivers to use
this wavelength range is the search for planets in the hab-
itable zone around M dwarfs which requires a long-term
precision of 1ms−1 in radial velocity measurements. Exam-
ples are given by HPF1, a near-infrared (NIR) spectrograph
for the Hobby-Eberly-Telescope (Mahadevan et al., 2012),
CARMENES2 (Amado et al., 2013; Quirrenbach et al.,
2012), a spectrograph for the 3.5m telescope at Calar
Alto consisting of two arms for the visual and the NIR
wavelength range, and SPIRou3 (Artigau et al., 2011), a
⋆ Corresponding author: e-mail: ammler@mps.mpg.de
1 Habitable-zone Planet Finder
2 Calar Alto high-Resolution search for M dwarfs with Exo-earths with
Near-infrared and optical Echelle Spectrographs
3 SpectroPolarime`tre Infra-Rouge
NIR spectro-polarimeter for the CFHT4. All of those are
fibre-fed and stabilised. A similar project which is al-
ready operational, is done with CYCLOPS5, a fibre-feed for
the UCLES6 Echelle spectrograph at the Anglo-Australian
Telescope. It covers a wavelength range of 540-785nm at a
resolving power of 70,000.
The spectrum of a hollow cathode lamp (HCL) was first
studied by Paschen (1916) who identified the spectrum of
He in the HCL discharge. Schu¨ler (1926) used the HCL dis-
charge to produce a spectrum of metal vapour paving the
way to the precise wavelength calibration of high-resolution
spectrographs.Kerber et al. (2007) reviewed the use of HCL
for wavelength calibration and gave criteria for calibration
sources. Thorium has been a common choice for the cal-
ibration of high-resolution spectrographs since it provides
a dense forest of sharp spectral lines over a wide wave-
length range. The wavelengths are well-known from labo-
ratory measurements.
4 Canada France Hawaii Telescope
5 http://www.phys.unsw.edu.au/∼cgt/CYCLOPS/CYCLOPS.html
6 University College London Echelle Spectrograph
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In the past, much work has been devoted to the deriva-
tion of Th line lists. Palmer & Engleman (1983) presented a
catalogue of Th lines in the wavelength range 278−1350nm
obtained from FTSmeasurements of a ThNe HCL. Only the
Th lines are used for wavelength calibration. They are sharp
because of their high atomic weight. Neon has lower atomic
weight so that the Ne lines are intrinsically wider under
identical conditions (Palmer & Engleman, 1983). There-
fore, Ne lines are less suitable for precise wavelength cal-
ibration than the Th lines. In the past decade, much ef-
fort has been devoted to improvements of the Th line
list (Lovis & Pepe, 2007; Redman et al., 2014). Moreover,
the Th line list has been extended to the near-infrared
(Engleman et al., 2003; Hinkle et al., 2001; Kerber et al.,
2008, 2007) in consideration of the development of near-
infrared high-resolution spectrographs.
Fourier transform spectroscopy (FTS), which is carried
out at very high resolving power of the order of 1,000,000
and better, shows that there are blends which will be unre-
solved at a resolution of less than 100,000 typical of upcom-
ing extended red spectrographs. Such blends are a severe
complication to wavelength calibration (cf. Redman et al.,
2014, figure 6). The relative intensities of blending lines
may change with time (ageing) so that the line centre of
the blend effectively changes.
The filling gas plays an important role since in practice,
strong noble gas lines can deteriorate the wavelength cali-
bration by affecting Th lines in the immediate neighbour-
hood or even blocking a whole spectral range. Although
ThAr lamps are the traditional choice for wavelength cal-
ibration, the strength of the Ar lines poses a challenge to
extended red spectrographs since the red part of the visual
spectrum is polluted by numerous strong and saturated Ar
lines. As shown in Mayor et al. (2009) and Lovis (2010) for
ThAr lamps, the ageing effects of lamps are more prominent
for the argon lines than for the thorium lines.
The effects of the filling gas can be mitigated by an-
other choice. In principle, any noble gas or a mixture is
possible (Kerber et al., 2007). The AAT search for M-dwarf
planets uses Xe as filling gas. The ThXe HCL is calibrated
using a ThAr lamp and then used for simultaneous calibra-
tion of the science spectra. In the present work, we investi-
gate the use of Ne which is a well-studied alternative to Ar.
Redman et al. (2011) showed that UNe lamps - a promis-
ing choice for the NIR - display Ne lines weaker than the
Ar lines in the UAr spectra. Also the KPNO HeNeAr atlas7
nicely illustrates that the Ne lines are not as strong as the Ar
lines.
The spectrum of HCLs depends strongly on operating
current. High operating current maximises the number of
available lines but the life time of the lamps and probably
also the ageing scales with reciprocal current (Kerber et al.,
2007). For this reason, the choice of an operating current as
low as possible is desired. Therefore, a detailed study of the
7 http://old-www.noao.edu/kpno/specatlas/henear/henear.html
ThNe spectrum is necessary and an optimisation of the op-
erating current is required. Kerber et al. (2007) investigated
how the spectrum of the ThAr HCL changes with current
in the wavelength region from 900 to 4,500nm. They found
that the average intensity of Th lines changes linearly with
the operating current but the Ar lines change non-linearly.
This means that the intensity ratio of the Th and the Ar lines
depends strongly on the current used.
To our knowledge, this kind of analysis has not yet been
done for ThNe lamps. The goal of the present work is to
identify a value of the operating current which maximises
the number of useful spectral lines and at the same time
does not affect too much the life time of the lamp.
It is desired to use the lamps at the minimum current
that is still useful. The question is whether it is better to use
a lower current, and thus a longer exposure time, or to use a
higher current and thus a shorter exposure time. Because the
spectrum changes with current, it is crucial to obtain spec-
tra at different current in order to select the best operation
mode.
We take into account the pollution by Ne lines and
identify wavelength ranges which should be excluded from
wavelength calibration because of the presence of individ-
ual strong Ne lines. Furthermore, we account for the ef-
fects of noise and saturation, and try to minimise those.
The background level is corrected for but not of interest for
wavelength calibration and line identification. Therefore, it
is not discussed in the present work (but see the study of
Kerber et al., 2007).
We not only study the number and strength of lines
but also show how exposure time and operating current
of the calibration lamp affect the attainable RV precision.
Butler et al. (1996) and Bouchy et al. (2001) show how the
line strength and the noise level impact the achievable RV
precision when measuring the relative shifts of lines in stel-
lar spectra. The achievable precision of RV measurements is
determined by the ability to measure intensity variations ob-
tained at every pixel of the spectrum. The sensitivity scales
with the intensity change and the noise level of the spec-
trum. Hence, the steepest parts of spectral lines and thus
the strongest lines are most sensitive to RV variations. Of
course, the overall RV precision achievable should be lim-
ited by the stellar spectrum and not by the calibration spec-
trum. Therefore, when using Th lines, their positions have to
be determined very precisely – not absolutely but in a rel-
ative sense. As for the stellar lines, this works best when
the lines are sufficiently strong. This allows us to apply
the recipes given by Butler et al. (1996) and Bouchy et al.
(2001) to investigate how the choice of operating current
impacts the attainable RV precision.
The paper is organised in the following way. Sect. 2 ex-
plains the spectroscopic measurements, the data reduction,
the line identification, the line measurements, and presents
an atlas of Th lines. Then, the density of lines in different
parts of the spectrum is studied (Sect. 3.1) and the regimes
of noise and saturation are assessed (Sect. 3.2). The residu-
c© 2006 WILEY-VCH Verlag GmbH&Co.KGaA, Weinheim www.an-journal.org
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Table 1 The table summarizes the contents of the line
list in the wavelength range studied: (1) species; (2) number
of lines; (3) source of line data. The table includes the 63
strong Ne lines excluded later on.
species # source
Ne I 89 NIST (Saloman & Sansonetti, 2004)
Ne I 3 Redman et al. (2014, table 5)
Ne II 14 NIST (Persson, 1971)
Ne II 4 Redman et al. (2014, table 5)
Th I 3,754 Redman et al. (2014, table 6)
Th II 981 Redman et al. (2014, table 6)
Th III 41 Redman et al. (2014, table 6)
als of wavelengths of identified lines (Sect. 3.3), RV preci-
sion (Sect. 3.4), number, and the distribution of line strength
(Sect. 3.5) are analysed under a variation of exposure time
and operating current before we conclude in Sect. 4.
2 Spectroscopic measurements, data
reduction, and line identification
Spectra were obtained using the calibration unit built
for CARMENES (Amado et al., 2013; Quirrenbach et al.,
2012). This calibration unit injects light from an HCL into
a 100µm fibre which we connected to the standard Echelle
spectrograph of the 2m telescope in Tautenburg. Therefore,
the setup is a model for CARMENES and all fibre-fed spec-
trographs with a similar design of the calibration unit. A
number of spectra of a ThNe HCL were taken this way in
Nov 2012 at currents of 3, 6, 9, and 12mA and exposure
times of 1, 10, and 60 s. The spectrograph operates at vi-
sual wavelengths but offers a red channel which extends the
spectral range towards the NIR (5, 440 − 10, 250 A˚). The
resulting resolution is slightly higher than for standard stel-
lar spectroscopy at the 2m telescope in Tautenburg. Using
a few Th lines, we measured a resolving power of 65,000
- 75,000 which is similar to that of upcoming extended red
spectrographs. For the line identification and all calculations
below, a value of 70,000 has been adopted. The temperature
of the spectrograph is stabilised and varies by about 0.1K
at most. All spectra were bias-subtracted and the Echelle
orders extracted using standard routines in IRAF8 (Tody,
1986, 1993). The spectrum for 12mA and 10 s was used
to derive the wavelength solution which was applied to all
the ThNe spectra. This is sufficient for the purpose of the
present work since we are not interested in a very precise ab-
solute calibration but only in the relative variation of wave-
lengths when changing operating current.
The identification and measurement of spectral lines
was done with IRAF recipes and own tools written in IDL
as is described below. In each one of the ThNe spectra, tho-
8 IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Fig. 1 A chunk of the ThNe spectrum in the red is shown
for different exposure times of 1 s (grey line) and 10 s (solid
line) at an operating current of 12mA, and for 60 s at an
operating current of 3mA (dashed line). Note that the short
exposure taken at an operating current of 12mA is affected
substantially by noise. The background flux level reaches a
few tens of counts in the short exposure and a few hundreds
of counts in the long exposures.
rium and neon lines were identified from tables 5 (neon)
and 6 (thorium) of Redman et al. (2014)9. Furthermore, we
included a list of 390 Ne I and Ne II lines from the NIST
database (Persson, 1971; Saloman & Sansonetti, 2004)10.
Redman et al. (2014) recommended the use of Ritz
wavelengths for line identification and wavelength calibra-
tion. However, Ritz wavelengths are available only for a
subset of the lines in our list. Furthermore, we are not inter-
ested in a high absolute precision of wavelength calibration,
since we only study the (relative) variation of wavelengths.
Therefore, we decided to use observed wavenumbers. Since
our measurements were taken at atmospheric pressure, the
wavenumbers were converted to air wavelengths using the
formula of Edle´n (1953) and the coefficients of Ciddor
(1996). From the combined ThNe line list, we removed du-
plicate lines and flagged blends given the resolving power
of the spectrograph (70,000). This leaves a total of 4,776
isolated Th lines and 369 blends in the wavelength range
of the spectrograph. Table 1 lists the total numbers of lines
sorted by chemical species.
We identified lines not via line strength but exclusively
based on wavelength since the line lists from literature were
obtained at other values of operating current. Note that
Redman et al. (2014) used a current of 25mA whereas we
used 12mA at maximum. This is because the maximum cur-
rent recommended by the manufacturer is 15mA for the
lamp that we used. We thus hesitated to apply any higher
current or to operate it at the maximum current. It is known
from previous work and we will see in Sect. 3 that the rela-
9 Before we learned about the work of Redman et al. (2014), we iden-
tified Th lines from a digital list of Th I-III lines kindly provided by R.
Engleman (priv. comm.), a list which is based on the (Palmer & Engleman,
1983) atlas of Th lines covering a wavelength range of 2, 777− 13, 500 A˚
and further includes many lines of Th III from Behrens et al. (1989).
10 http://physics.nist.gov/PhysRefData/Handbook/Tables/neontable2 a.htm
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tive strength of lines strongly depends on operating current
(Fig. 1).
The identification of spectral lines was done fully auto-
matically with the IRAF task onedspec.identify. The spec-
trum was searched for lines close to the wavelength posi-
tions given in the line list11. The task measures the central
positions of the lines identified which can deviate slightly
from the positions given in the literature.
The number of features identified varies between 2,100
and 3,100 depending on operating current and exposure
time, found close to the laboratory wavelengths with an rms
of 0.05− 0.07 A˚.
An atlas of Th lines is shown in Appendix A. It
is a ThNe spectrum similar to the one expected for
CARMENES and similar spectrographs in terms of wave-
length range, resolution, and relative line strengths. We
chose the spectrum obtained at an operating current of
12mA and an exposure time of 10 s. As we will see later
on, this is a setting found to provide a large number of Th
lines useful for wavelength calibration. In addition, we high-
lighted spectral windows polluted by very strong Ne lines.
The saturating Ne lines affect whole columns on the CCD
and thus other spectral orders. Those signatures have been
removed manually in the atlas and have been excluded from
the analyses described below. The atlas shows chunks of
50 A˚ and gives the number of lines in these chunks. For
clarity, the plotted spectra overlap by 10 A˚ and only lines
with a valid measurement of line strength (see below) were
included. Labels were placed at the wavelengths measured
in the identification process. As those usually do not fully
coincide with the laboratory wavelengths, the amount of
deviation is coded by line style (dashed: less than half of
the mean residual of 0.07 A˚ dot-dashed: less than the mean
residual; dotted: more than the mean residual). The dotted
horizontal line indicates the approximate saturation limit of
5.4 dex in logarithmic scale.
There are 63 grey-shaded regions dominated by strong
Ne lines with damping wings. They have been identified
by visual inspection. The measured wavelengths of Th lines
in the wings of these Ne lines will be spurious. Therefore,
regions with widths of 2, 4, or 8 A˚, resp., were excluded
around each of those Ne lines, depending on the width of
the Ne line. Hence, 349 lines in those regions were excluded
from the studies below.
Then, line strengths were obtained by adopting the peak
values (minus the background level) instead of measuring
the total flux within a line. This allows us to identify saturat-
ing lines and to account for saturation in the following steps.
For the Th lines at moderate strength, which we are inter-
ested in, the peak value still scales linearly with the flux.
The peak values were obtained via Gaussian profiles match-
ing the emission lines and accounting for the background
level. The instrumental profile of the spectrograph is not
11 using the interactive key command e of the IRAF onedspec.identify
recipe and the command features of the task to obtain the central wave-
lengths of spectral lines identified.
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Fig. 2 Distribution of Th lines for different combinations
of exposure time and operating current as indicated in the
plot. The full distribution is only shown for an operating
current of 12mA and an exposure time of 10 s. It serves
as reference for all the other combinations for which the
residuals are shown only. Exposure time is coded by line
style as indicated in the legend. For clarity, the residuals
are displaced by 120 plus multiples of 50. The bin size is
100 cm−1 in wavenumber units.
perfectly symmetric so that wavelength measurements may
be affected by a small constant offset. This is acceptable
since we are only interested in the relative shift of wave-
lengths and not in their absolute values.
3 Results and Discussion
3.1 Line density
The moderate overall increase of the number of Th lines
identified with operating current and exposure time is re-
flected in the line density (Fig. 2). The density hardly
changes from the blue to the red except for the low currents
which are susceptible to variations of the sensitivity of the
spectrograph (see distribution of line strength in Fig. 8). The
sensitivity peaks close to 7,000 A˚ and decreases towards
redder wavelengths.
The distribution is shown in constant bins of wavenum-
ber to enable a direct comparison with Redman et al. (2011,
fig. 6) who show the data of Kerber et al. (2008). Note how-
ever that those data were obtained in another setting which
is more sensitive in the red.
3.2 Saturation and noise
The regimes of noise and saturation are explored to study
the influence of exposure time, and to ultimately select Th
lines useful for wavelength calibration that can be stud-
ied under changes of operating current. The comparison
of line strengths measured at different exposure time re-
veals that saturation starts at about 5.4 in logarithmic scale,
c© 2006 WILEY-VCH Verlag GmbH&Co.KGaA, Weinheim www.an-journal.org
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Fig. 3 Comparison of two ThNe spectra obtained at dif-
ferent operating currents of 12mA and 6mA but with the
same exposure time of 10 s. The top panel displays the log.
ratio of the strength of lines present in both spectra. Atomic
and ionic species of Th and Ne are indicated by symbols.
The bottom panel compares the log. line strengths directly.
The dashed lines highlight the saturation limit and the dot-
ted line indicates identity.
corresponding to some 100,000’s of counts (digital counts
or analogue-to-digital units). Saturation prevails among the
Ne I lines. At an exposure time of 60 s, many Th lines enter
the saturation regime, too. Of course, the exact values are
valid only for the Tautenburg setup but the general conclu-
sions apply to other spectrographs as well.
As is the case for the saturated lines, the measured
strengths of weak lines (less than ∼100 counts) do not
scale according to exposure time. Then, line strengths are
subject to noise or noise features are mistaken for spectral
lines. Considering the gain of 2.6 e−DN−1 and the read-out
noise of 4.16 e− of the detector in Tautenburg, the limit of
100 counts corresponds to a signal-to-noise ratio of 15 (per
pixel). It can be noticed that noise is an issue close to the
blue (below 6,000 A˚) and red cut-offs (above 9,500 A˚) of
the wavelength range. The wavelengths of these lines will
be erroneous, so that these regions should be excluded from
a wavelength calibration.
We compare ThNe spectra taken at different operating
current in Fig. 3. The ratio of line strength in the top panel
shows some structure that can be understood when consult-
ing the bottom panel. A large group of Ne I lines is strong,
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Fig. 4 Distribution of wavelength residuals of Th lines
identified. The histograms (solid lines) show the distribution
for each spectrum, taken for different settings as indicated,
and shifted by arbitrary offsets for clarity. The histograms
are normalised to a peak value of 1 since the number of lines
increases strongly with operating current. The full width at
half maximum (FWHM) is estimated from best-matching
Gaussian curves (dashed lines).
mostly saturated in both spectra. The other Ne I lines as well
as the Ne II lines are stronger by about 0.5 dex at higher op-
erating current. While a group of Th lines scales in a sim-
ilar way, a large number of Th lines gets even stronger, by
almost a factor of 10 on average, regardless of the ionisa-
tion stage. This reflects in a qualitative way that the aver-
age strength of Th lines increases more strongly with op-
erating current than the average strength of the gas lines
(Kerber et al., 2007, here neon).
3.3 Wavelengths
In the following, the variation of wavelengths is considered
under changes of operating current and exposure time. Such
variations may occur in the case of unresolved blends. In
particular, we are interested in the presence of Th lines that
are composed of two or more components. Based on the
noise and saturation limits assessed in Sect. 3.2, only lines
stronger than the noise limit (100 counts) and fainter than
the saturation limit (5.4 dex in log scale) are included in the
following. For each line identified, the deviation from the
laboratory wavelength has been measured. For each spec-
trum, the residuals of Th lines pile up close to a deviation of
zero, i.e. according to expectations, there is no obvious sys-
tematic trend with operating current or exposure time on av-
erage (Fig. 4). In contrast to the value of 0.05−0.07 A˚ found
above (Sect. 2), the scatter is much less (∼ 0.01 − 0.03 A˚)
since only Th lines are considered and noisy and saturated
lines were excluded. The scatter is least for high operating
currents but increases with exposure time. Nevertheless, this
statistical information does not tell anything about the be-
haviour of individual lines when settings are changed.
www.an-journal.org c© 2006 WILEY-VCH Verlag GmbH&Co.KGaA, Weinheim
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To better assess the behaviour of individual lines, lines
were selected which are measurable in all spectra, compris-
ing 203 Th lines and 38 Ne lines. Here, we could not ex-
clude noisy and saturating lines since most of the lines are
noisy or saturate in one spectrum or another. Certainly, this
is due to the high dynamic range implied by the different
exposure times and operating currents (cf. Fig. 8).
Under varying operating settings, we found for those
lines that the distribution of wavelength shifts cannot be dis-
tinguished from random distributions. The standard devia-
tion is of the order of 10mA˚ (median of 8mA˚ for Th and
11mA˚ for Ne lines). Nevertheless, we cannot exclude with
the data at hand that the distributions are formed by sys-
tematic shifts of spectral lines with operating current. Those
cannot be studied with the spectra available since the sam-
pling of exposure times (3 values) and operating currents (4
values) is too low.
The scatter at the level of 10mA˚ is much higher than
that found by Kerber et al. (2008). They measured wave-
lengths of Th lines with ThAr lamps operated at a current
of 20mA. The difference between their values and those of
Engleman et al. (2003) is much less (at a level of 10−8 in a
relative sense), despite another choice of fill gas, pressure,
and operating current. Regarding this previous result, the
outcome of the present work is not understood. However,
we note that we obtained measurements with an Echelle
spectrograph while the previous work is based on FTS spec-
tra. Certainly, there will be an effect due to the inclusion of
noisy and saturated lines in the present analysis. The discus-
sion of Fig. 4 showed that the scatter reduces substantially
when excluding noisy and saturated lines.
In terms of radial velocity studies, the absolute accu-
racy is not that important as long as the position of Th
lines can be reproduced precisely from spectrum to spec-
trum (Redman et al., 2014). Nevertheless, a variation of line
positions under variable operating conditions can become
important if operating current is not stable. Then, the wave-
length residuals identified for Th lines would be of the or-
der of several hundredms−1over the spectral range studied
here.
3.4 Calibration of radial velocity measurements
In the following, we consider the calibration of measure-
ments of radial velocities (RV). Since stellar line shifts are
measured w.r.t. the calibration spectrum, the position of cal-
ibration lines has to be determined very precisely so that
overall RV precision is not limited by the calibration spec-
trum. The impact of line shape and strength on the achiev-
able RV precision can be predicted using the formulae given
by Butler et al. (1996) and Bouchy et al. (2001). The result
is that there are many faint lines with low precision and a
smaller number of strong lines with high precision (see the
panel to the left in Figure 5 for an example). The precision
improves with line intensity and becomes worse the higher
the noise is. The left-hand panel in Fig. 5 shows that we
need lines with thousands of counts to get a precision of
tens of ms−1. But the choice is not necessarily limited to
the strongest lines. Although the position of a fainter line
can be measured with lower accuracy only, the combination
of a large number of them can statistically improve the pre-
cision of the wavelength calibration.
Therefore, in practice, all lines are combined to increase
the RV precision. Here, we combine groups of lines hav-
ing the same level of precision (collect lines in the same
bin of precision and divide this value of precision by the
square root of the number of lines in that bin; panel to the
right in Fig. 5). Then, a combination of many strong lines
allows one to get to a precision of 1ms−1or better. For ex-
ample, taken both panels of Fig. 5 together, the combination
of strong lines at a precision of 10ms−1(in a small bin of
only 0.1 dex) for a current of 12mA and an exposure time
of 10 s results in a combined RV precision of a fewms−1.
It is not possible in this work to show the actual final pre-
cision achievable with ThNe lines since this depends clearly
on the particular setup and methodologies of RV surveys.
However, our study highlights another aspect which is in-
herent to the ThNe spectrum. While the highest combined
precision is achieved with strong lines at high operating cur-
rent or long exposure time, the right-hand panel of Fig. 5
also shows that the opposite is true at the faint end. There,
the highest precision is achieved for short exposures and
low current, although it is still much worse than the pre-
cision achieved with strong lines. The reason becomes clear
from an inspection of the distribution of line strength. In
the next section we will see that the number of faint lines
increases with decreasing operating current and exposure
time, increasing the combined precision of faint lines.
3.5 Number of Th lines and distribution of line
strength
The previous assessments make clear that the number of
strong Th lines needs to be maximised. At the same time,
the number of saturated lines should be kept at a low level.
Therefore, for each spectrum, Th and Ne lines were counted
(Fig. 6).
The number of Th lines increases significantly with in-
creasing exposure time and operating current. The increase
with operating current is close to linear but flattens at long
exposure time. The number increases non-linearly with ex-
posure time, notably with opposite behaviour at low and
high currents. The number of Ne lines behaves differently.
It is close to constant for short and intermediate exposures
but decreases with increasing current for long exposures.
The number of saturated lines rises quickly with increas-
ing exposure time (Fig. 7). There is also a strong increase
with operating current for intermediate and long exposure
times. Saturation is essentially absent in short exposures12.
The increase of saturating Ne lines reflects the correct mag-
nitude of the number of Ne lines disappearing in Fig. 6 when
12 The 63 strong Ne lines are excluded from this analysis.
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Fig. 6 The number of Th (circles) and Ne lines (squares)
vs. operating current. Only lines above the noise level
(100 counts) and below the saturation limit (5.4 in log.
scale) were included. Symbol size indicates the value of ex-
posure time as is shown in the legend. Note that there are
different axes for Th and Ne lines.
operating current and exposure time increase. Those are the
lines entering the regime of saturation at higher current and
longer exposure time. The flattening of the Th relation can-
not be explained by saturation as the increase of saturating
Th lines (max.≈ 100) is not high enough.
The distribution of line strength for each spectrum sheds
some more light on the behaviour of line number (Fig. 8).
First of all, we notice the single-peaked distribution of Th
lines with similar height and width (in log. space) for all
settings. While the distributions shift swiftly with exposure
time, there is also a slight shift with operating current. An
increase of operating current from 3 to 12mA shifts the
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Fig. 7 The number of saturated Th (circles) and Ne lines
(squares). The layout follows Fig. 6.
peak of the distribution by one order of magnitude in a
rather linear way. This is reflected by the well-known bright-
ening of the lamp when operating current is increased.
This explains the line numbers observed. At low cur-
rent, an increase of exposure time lifts first the tail and then
the bulk of the distribution above the noise level. Therefore,
line number increases non-linearly with positive curvature.
At high current, the increase of exposure time lifts the bulk
and then the tail above the noise level. There, the relation
flattens with increasing exposure time. At moderate current,
an increase of exposure time samples the central part of the
distribution in a rather symmetric way. Therefore, the in-
crease of line number with exposure time is close to linear.
For Ne lines we find that the distribution is rather uni-
form with a small peak with intensities about 3 orders of
magnitude higher than the Th peak intensity. The distribu-
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Fig. 8 The histograms show the distributions of line strengths of Th lines (grey) and Ne lines (hatched) taken at different
combinations of operating current (rows) and exposure times (columns). Dashed lines indicate the noise and saturation
limits adopted for various analyses in the present work. A mask has been created from the 12mA, 10s spectrum to exclude
saturated columns from the analysis. This mask could by far not cover the saturated columns in the spectra with long
exposures of 60 s, indicated by the high peaks at a log. line strength of 5.0 and 5.2.
tion of Ne lines hardly changes when operating current is
increased. Therefore it does not come as a surprise that the
number of unsaturated Ne lines hardly changes with oper-
ating current and is strongly affected by lines entering the
saturation regime.
The distribution of line strengths favours a choice of 9 or
12 mA with an exposure time of 10s to optimise the number
of suitable Th lines. At long exposure times and high values
of operating current, most Th lines are above the approx-
imate noise level (about 100 cts) and below the saturation
limit. At an exposure time of 10 s, the spectra taken with
9mA and 12mA display a high number of useful Th lines
and a low level of saturation at the same time. At these oper-
ating conditions, the benefits for Th are not impaired by the
Ne lines which hardly vary at moderate and long exposure
times. The choice of 9 mA instead of 12mA and a choice of
10s instead of 60s further optimise the life time of the lamp.
4 Summary and Conclusions
Spectra of a ThNe lamp were obtained from 5, 440 A˚ to
10, 250 A˚ with a setup in Tautenburg using different expo-
sure times and operating currents. The particular values of
exposure time were optimised for the setup in Tautenburg
and will have to be adjusted for a repetition of the measure-
ments at other spectrographs. Of course, the exact choice of
exposure times has no effect at all on the general conclu-
sions of the present work.
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A list of >∼2,000 Th lines was identified using known
wavelengths from published line lists. We did not attempt to
find all available lines. Rather, the goal was to identify lines
in a homogeneous way for all spectra taken with different
settings.
An atlas of a ThNe spectrum has been produced identi-
fying 63 Ne lines which show strong damping wings. They
affect more than 300 Th lines in their neighbourhood so that
those are excluded from most analyses in the present study.
A comparison at different exposure times shows that
lines with a peak intensity of less than 100 digital counts
above the background will be affected by noise. The satura-
tion limit is identified at 5.4 in log. units of digital counts.
The number of suitable Th lines, i.e. unsaturated isolated
lines above the noise limit, increases strongly with exposure
time and operating current. The increase can be explained
by the distribution of line strengths and how this distribution
is shifted towards higher intensities with increasing current
and exposure time. The number of useful Th lines is hardly
affected by saturation in the parameter regime studied.
Kerber et al. (2007) emphasised that the intensities of
the lines of the filling gas behave in a way completely dif-
ferent from Th so that they can be identified easily and
separated from the Th lines. Indeed, Figs. 3 and 6 show
that Ne and Th lines change with operating current in dis-
tinct ways on average. Considering the spread of Th line
strengths though (Fig. 3), there is some doubt whether in-
dividual lines of the filling gas can be identified this way.
We expect that the change of the mean intensity ratio of the
Th compared to the Ne lines is a general property of these
lamps. We thus expect that a similar behaviour will be found
at other wavelengths.
Despite thousands of lines identified in each setting,
there are only some 200 lines common to all spectra. Line
confusion is unlikely to occur at such an extent. Instead,
our study rather shows that the dynamic range is very large
when changing exposure time and operating current. In
other words, we assume that another set of lines appears
at another value of operating current.
Although there is no systematic average trend with
changing operating current, we cannot exclude variations
in the wavelengths of Th lines due to unknown blends at a
level that corresponds to radial velocity variations of hun-
dreds of ms−1. This finding indicates that a stable operat-
ing current of the calibration lamp can be necessary. In the
present work, the measurement of possible correlations of
wavelength residuals with operating current is hampered by
the low number of data points (3 in exposure time and 4 in
current). With spectra taken at additional values of operat-
ing current, the Spearman rank correlation coefficient would
reveal systematic shifts of individual lines. Such trends with
operating current can reveal line blends because of the rela-
tive change of the strength of the spectral line components.
Since wavelength variations found at this order of mag-
nitude are at variance with previous work, a repetition of
the analysis at very high spectral resolution with, e.g., a
Fourier Transform Spectrometer is highly recommended.
Subtle changes of the position of individual lines can only
be unveiled with a stabilised spectrograph, or if spectra
of much higher spectral resolution are available that show
whether a line is a blend or not.
The warm-up phase of the lamp might be critical if sta-
ble operating conditions turn out crucial. Experience with
our ThNe lamp shows that voltage stabilises at a level of
a few percent after 20min only, depending on the choice of
operating current. The behaviour of individual spectral lines
during warm-up was not studied in this work.
We estimated the achievable precision of radial veloc-
ity measurements for individual Th lines and found that a
combination of strong Th lines enables measurements at the
level of 1ms−1. The behaviour of the number of suitable Th
lines and of the achievable calibration precision is defined
by the distribution of line strength and how it varies with op-
erating settings. We conclude that a high operating current
is of advantage, at the expense of lamp life time and ageing
effects. A high value of operating current reduces the resid-
uals of wavelengths of identified lines and maximises the
number of strong Th lines, which are necessary for a high
radial velocity precision, without degradation by Ne lines.
While strengthening the Th lines with a high operating cur-
rent, the exposure time can be reduced to avoid saturation
and blends, and to further reduce wavelength residuals.
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Th I   5770.33
Th I   5771.74
Th II  5772.55
Th I   5773.95
Th I   5776.13
Th I   5777.42
Th I   5778.32
blend  5781.66
blend  5782.33
blend  5785.01
Th I   5785.96
Th II  5786.62
Th II  5788.29
Th I   5789.65Th II  5790.12
Th I   5792.45
Th I   5796.07
Th I   5797.31
Th I   5798.48
Th I   5800.83
Ne I   5804.44
Th I   5805.69
Th I   5806.21
Th II  5812.96
Th II  5815.42
blend  5820.14
Th I   5822.78
blend  5826.32
Th II  5828.91
5820
5830
5840
5850
5860
5870
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w
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log flux [cts.]5820
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 5880Å
: 22 lines
blend  5820.14
Th I   5822.78
blend  5826.32
Th II  5828.91
Th I   5830.83
Th I   5832.37
Th I   5837.99
Th II  5838.95
Th I   5840.64
Th I   5842.05
Th I   5844.81
Th I   5845.92
Th I   5848.67
Th II  5852.30Th I   5852.80
Th I   5857.84
Th I   5858.71
Th I   5860.54
Th I   5863.71
Th I   5868.41
Th I   5869.84
Th I   5870.52
Th I   5871.20
Th II  5872.15
blend  5872.83
blend  5879.05
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 5930Å
: 27 lines
Th I   5870.52
Th I   5871.20
Th II  5872.15
blend  5872.83
blend  5879.05
Ne I   5881.77
Th I   5885.70
Th II  5886.51
Th I   5889.95
Th I   5891.45
Th I   5892.43
Th I   5893.19
Th I   5894.71
Th I   5895.28
Th I   5897.36
blend  5899.49blend  5899.85
Ne I   5902.47
Th II  5904.15
Th I   5905.17Th I   5905.59
Ne I   5906.43
blend  5908.94
Th I   5911.22
blend  5914.68
Th I   5916.72
blend  5918.93
blend  5922.85
Th I   5925.41blend  5925.89Th I   5926.22
Th I   5929.93
5920
5930
5940
5950
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5970
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w
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log flux [cts.]5920
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 5980Å
: 26 lines
blend  5922.85
Th I   5925.41blend  5925.89Th I   5926.22
Th I   5929.93
Th I   5933.89
blend  5934.45
Th I   5937.15
Th I   5937.67
Th I   5938.47Th I   5938.82
Th I   5940.57
Th I   5942.35
Th I   5944.68Th II  5945.12
Th I   5948.80
Th I   5949.38
Th I   5950.48
Th I   5953.63
Th I   5955.56
Th II  5956.99
Th I   5957.58
Th I   5958.80
blend  5959.72
Th I   5960.79
Ne I   5965.48
Ne I   5966.16
Th I   5969.74
Th I   5973.67
Ne I   5974.63
Ne I   5975.47
5970
5980
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w
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 6030Å
: 19 lines
Th I   5973.67
Ne I   5974.63
Ne I   5975.47
Th I   5986.26
Ne I   5987.90
Th II  5989.04
Th I   5991.00
Th II  5991.65
Th I   5994.13
Th I   5996.65
Th I   6000.92
Th I   6002.62
blend  6005.17Th I   6005.64
Th I   6007.08
Th I   6010.18
Th I   6011.54
Th I   6021.04
Th I   6023.25
Th II  6025.75
Th I   6028.28
Ne I   6029.92
6020
6030
6040
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w
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 6080Å
: 27 lines
Th I   6021.04
Th I   6023.25
Th II  6025.75
Th I   6028.28
Ne I   6029.92
Th I   6032.87
Th I   6033.40
Th II  6034.56
Th I   6035.19
Th I   6037.70
Th I   6038.69
Th I   6042.59Th II  6043.07
Th II  6044.44
Th I   6047.36
Th I   6049.05
Th I   6050.98
Th I   6053.38
Th II  6054.71
Th II  6060.08
blend  6061.58
Th II  6063.01
Th I   6065.78
Th II  6066.65
Th I   6069.03
Th I   6069.85Th I   6070.33
Th I   6071.64
Th I   6074.18
Th I   6077.11
Th I   6078.42
Th I   6079.22
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 6130Å
: 31 lines
Th I   6070.33
Th I   6071.64
Th I   6074.18
Th I   6077.11
Th I   6078.42
Th I   6079.22
Th I   6081.29
Th I   6083.21
Th I   6084.13
blend  6085.37
Th I   6086.76Th II  6087.24
Th I   6088.04
Th II  6090.11
Ne I   6096.02
Th I   6098.14
Th II  6099.06
Th II  6099.97
Th I   6101.72
Th I   6102.60
Th I   6104.13blend  6104.56
blend  6106.87
Th I   6107.53
blend  6108.51
Th I   6110.79
Th II  6112.80
Th II  6113.96
Th I   6114.54Th I   6114.91
Th I   6116.16
Th I   6118.01
blend  6119.67
Th II  6120.56
Th I   6121.42
Th I   6124.48
Th I   6128.40
6120
6130
6140
6150
6160
6170
6180
w
av
elength [Å]
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 6180Å
: 22 lines
Th II  6120.56
Th I   6121.42
Th I   6124.48
Th I   6128.40
Th I   6130.79
Th I   6132.43
Th I   6137.09
Th I   6140.34
Th I   6150.31
Th I   6152.00
blend  6154.08Th I   6154.52
Th I   6155.59
Th I   6156.15
Th I   6157.09
Th II  6159.05
Th I   6161.38
Ne I   6163.48
Th I   6164.45
Th II  6166.96
Th I   6169.82
Th I   6172.83
Th I   6174.88
Th I   6177.34
Th I   6178.43
blend  6179.84
6170
6180
6190
6200
6210
6220
6230
w
av
elength [Å]
0 2 4 6 8
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 6230Å
: 24 lines
Th I   6172.83
Th I   6174.88
Th I   6177.34
Th I   6178.43
blend  6179.84
Th I   6180.70
Ne I   6182.13Th I   6182.62
Th I   6183.87
blend  6184.78
Th I   6185.74
blend  6188.12
Th I   6189.07
Th I   6191.91
Th I   6193.07
Th I   6195.30
Th I   6198.24
Th II  6200.41
Th I   6203.50
Th I   6205.79
Th I   6207.23
Th I   6208.71
Th I   6212.73
Ne I   6217.16
Th I   6220.01
Th I   6224.08Th I   6224.53
Th I   6226.38
Th I   6227.16
6220
6230
6240
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6260
6270
6280
w
av
elength [Å]
0 2 4 6 8
log flux [cts.]6220
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 6280Å
: 18 lines
Th I   6220.01
Th I   6224.08Th I   6224.53
Th I   6226.38
Th I   6227.16
blend  6232.03
Th I   6234.86
Th II  6239.03
Th I   6240.95
Th I   6246.13
Th I   6246.72
Th I   6249.14
Th I   6256.46Th II  6256.94Th I   6257.42
Th II  6258.79
Th I   6260.18
Th I   6261.46
Th II  6266.31
Th I   6276.07
Th II  6277.25
Th II  6279.16
Th I   6279.98
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 6330Å
: 21 lines
Th I   6276.07
Th II  6277.25
Th II  6279.16
Th I   6279.98
Th I   6287.25
Th I   6288.07
Th I   6289.01
Th II  6289.66
Th I   6291.20
Th I   6293.24
Th I   6296.05Th I   6296.53
Th I   6297.92
Th I   6298.91
Th I   6300.92
Th I   6303.27
Ne I   6304.67
Th I   6310.81
Th I   6312.04
Th I   6317.14
Th I   6319.68
Th I   6324.93
Th I   6326.36
Th I   6327.28
Ne I   6328.15
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w
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 6380Å
: 18 lines
Th I   6324.93
Th I   6326.36
Th I   6327.28
Ne I   6328.15
Th I   6331.44
Th II  6332.53
blend  6334.79
Th I   6337.62
Th II  6338.85
Th I   6339.67
Th I   6342.87
Th I   6346.13
Th I   6348.75
Th II  6358.61
Th II  6359.16
Th I   6359.70
blend  6362.24Th I   6362.64
blend  6369.13
Th I   6371.96
Th II  6374.84
Th I   6376.93
6370
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w
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 6430Å
: 12 lines
Th I   6371.96
Th II  6374.84
Th I   6376.93
Th I   6382.76
Th II  6383.34
Th I   6387.39
Th I   6388.81
Th I   6389.39
Th I   6394.05
Th I   6397.79
Th I   6406.43
Th I   6411.91
Th I   6413.63
Th I   6414.18
Th I   6418.83
6420
6430
6440
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6470
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w
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 6480Å
: 16 lines
Th I   6436.69
blend  6437.77blend  6438.26
Th I   6438.95
Th I   6443.84
Th I   6445.67
Th I   6446.78
Th I   6450.00
Th I   6450.91
Th I   6451.95
Th I   6453.24
Th I   6457.28
blend  6462.61
Th I   6466.73
Th I   6467.73
Th I   6471.95
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 6530Å
: 17 lines
Th I   6471.95
Th I   6480.41
Th I   6481.33
Th I   6488.89
Th I   6489.48
Th I   6490.75
Th I   6491.37
Th I   6493.21
Th I   6495.30
Th I   6500.66
Th I   6501.99
Th I   6506.87
Th I   6508.99
blend  6510.92
Th I   6512.37
Th II  6518.41
Th I   6522.05
blend  6529.08
6520
6530
6540
6550
6560
6570
6580
w
av
elength [Å]
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 6580Å
: 18 lines
Th I   6522.05
blend  6529.08
Th I   6531.44
Th I   6537.60
Th I   6538.30
Th I   6545.72
Th I   6550.17Th II  6550.64
Th I   6551.71
Th I   6554.16
Th I   6560.88
Th I   6562.15
Th I   6564.45
Th II  6565.08
Th II  6566.27
Th II  6569.64
Th I   6574.56
Th I   6576.13
Th I   6577.22Th II  6577.67
6570
6580
6590
6600
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6620
6630
w
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 6630Å
: 16 lines
Th I   6574.56
Th I   6576.13
Th I   6577.22Th II  6577.67
Th I   6580.24
Th I   6583.91
Th I   6588.54
Th I   6591.49
Th I   6593.48Th I   6593.94
Th I   6602.90
Th II  6605.40
Th I   6606.61
blend  6613.38
Th II  6617.09Th I   6617.52
Th I   6618.15
Th II  6619.93
Th I   6623.52
Th I   6629.53
6620
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w
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 6680Å
: 13 lines
Th I   6623.52
Th I   6629.53
blend  6644.68
Th I   6648.51
Th I   6649.22
Ne I   6652.09
Th I   6654.37
Th I   6658.68
Th I   6661.15
Th I   6662.27
Th I   6666.90
Th I   6668.46Th I   6668.83
Th I   6671.58
Th I   6674.70
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 6730Å
: 17 lines
Th I   6671.58
Th I   6674.70
blend  6684.06
Th I   6693.16
Th I   6696.14
Th I   6697.25Th I   6697.71
blend  6700.76
Th I   6702.67
Th I   6705.13
Th I   6711.26
Th I   6713.99
Th I   6717.44
Th I   6719.18
blend  6725.23
Th I   6727.47
Th I   6728.13
Th I   6728.77
Th I   6729.93
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w
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 6780Å
: 24 lines
blend  6725.23
Th I   6727.47
Th I   6728.13
Th I   6728.77
Th I   6729.93
Th I   6731.66
Th I   6732.65
Th I   6733.31Th I   6733.76
Th I   6735.17
Th I   6738.05
Th I   6741.91
Th I   6742.89
Th I   6749.48
Th I   6753.68
blend  6756.45
Th I   6758.15
Th I   6760.81
Th I   6762.51
Th I   6763.60
blend  6765.67
Th II  6766.47
blend  6770.09
blend  6772.19
Th I   6773.11
Th I   6773.64
Th I   6776.28
Th I   6778.31
Th I   6779.30
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 6830Å
: 21 lines
blend  6770.09
blend  6772.19
Th I   6773.11
Th I   6773.64
Th I   6776.28
Th I   6778.31
Th I   6779.30
Th I   6780.39
Th I   6784.82
Th II  6786.41
Th I   6787.74
Th I   6788.84
Th I   6791.24
Th II  6792.41
Th I   6793.03
Th I   6793.74
Th I   6795.86
Th I   6798.48
Th II  6801.23
Th I   6805.74
Th I   6807.28
Th II  6810.57
Th I   6812.50
Th I   6815.64
Th I   6818.36
Th I   6823.51
Th I   6824.68
Th I   6829.04
6820
6830
6840
6850
6860
6870
6880
w
av
elength [Å]
0 2 4 6 8
log flux [cts.]6820
6830
6840
6850
6860
6870
6880
w
av
elength [Å]
0 2 4 6 8
 6830Å
 −
 
 6880Å
: 22 lines
Th I   6823.51
Th I   6824.68
Th I   6829.04
Th II  6832.77
Th I   6834.93
Th I   6836.90
Th I   6841.03
Th I   6841.61Th I   6841.95
Th I   6842.75
Th I   6843.49
blend  6847.63
Th I   6848.39
Th II  6850.68
Th II  6851.36
Th I   6853.53
Th I   6854.12
Th I   6855.31Th I   6855.68
Th I   6866.33Th I   6866.76
Th II  6869.91
Th I   6874.11
Th I   6874.76
Th I   6878.07
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 6930Å
: 12 lines
Th I   6874.11
Th I   6874.76
Th I   6878.07
Th I   6882.81
Th I   6883.86
Th I   6886.42
Th II  6888.85
Th I   6892.26
Th I   6900.76
Th I   6902.22
Th II  6909.83
Th I   6911.23
Th I   6914.71
Th I   6916.13
Th I   6920.02
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 6980Å
: 14 lines
Th I   6920.02
blend  6934.27
Th I   6940.30
Th I   6941.52
Th I   6942.53
Th I   6943.61
Th I   6944.69
Th I   6945.50
Th I   6948.26
Th I   6951.64
Th II  6953.25
Th I   6954.66
Th I   6962.30
Th I   6965.93
Th I   6977.49
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 7030Å
: 17 lines
Th I   6977.49
Th I   6981.08
Th I   6982.64
Th I   6983.82
Th I   6986.04
Th I   6989.66
Th II  6993.04
Th I   6994.76
Th II  6995.89
Th I   6997.42
Th I   7000.80
Th I   7002.88
Th I   7005.75
Th II  7007.92
Th I   7018.56
Th I   7021.31
Th I   7023.91
Th I   7026.43
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 7080Å
: 20 lines
Th I   7021.31
Th I   7023.91
Th I   7026.43
Th I   7032.88
blend  7036.26
Th I   7038.73
Th II  7045.80
Th I   7049.79
Ne I   7051.28
Th II  7053.63
Th I   7055.90
Ne I   7059.05
Th I   7060.04
Th I   7060.65
blend  7061.40
Th I   7067.22
Th I   7071.09Th I   7071.48
Th I   7072.40
Th I   7074.25
Th II  7075.34
blend  7077.41
Th II  7078.33
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 7130Å
: 12 lines
Th I   7071.09Th I   7071.48
Th I   7072.40
Th I   7074.25
Th II  7075.34
blend  7077.41
Th II  7078.33
Th I   7084.16
Th I   7088.83
Th II  7089.34
Th I   7100.55
Th I   7105.72
Th I   7107.54
blend  7109.15
Th I   7111.12
blend  7112.91
Th I   7114.41
blend  7124.56
Th I   7126.82
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 7180Å
: 19 lines
blend  7124.56
Th I   7126.82
Th I   7130.22
Th I   7130.77
Th I   7131.39
blend  7132.61
Th I   7134.41
Th I   7142.34
Th I   7147.45
Th I   7148.55
blend  7149.18
Th I   7150.28
Th I   7153.62
Th I   7154.71
blend  7156.94
blend  7159.93
Th I   7167.20
Th I   7168.90
Th I   7170.33
Th II  7176.78
Th I   7179.74
7170
7180
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 7230Å
: 14 lines
Th I   7170.33
Th II  7176.78
Th I   7179.74
Th II  7187.42
Th I   7188.54
Th II  7191.12
Th II  7194.93
Th I   7195.93
Th I   7200.04
Th I   7206.48
Th I   7206.99
Th I   7208.00
Th I   7212.69
Ne II  7213.21
Th I   7218.04
Th I   7219.15
Th II  7225.06
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 7280Å
: 16 lines
Th II  7225.06
Th I   7230.86
Th I   7232.87
Th I   7233.39
Ne II  7235.20
Th II  7239.39
Th I   7240.21
Th I   7248.91
Th I   7253.72
Th I   7255.36
Th I   7256.97
Th I   7258.18
Th I   7264.14
Th I   7270.56
Th I   7273.75
Th I   7275.90
Th I   7279.01
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 7330Å
: 15 lines
Th I   7270.56
Th I   7273.75
Th I   7275.90
Th I   7279.01
Th I   7280.48
Th I   7284.91
blend  7294.24
Th I   7296.27
Th I   7298.14
Th I   7307.17
Th II  7308.63
blend  7309.25
Th I   7311.53
Th I   7315.06
Th I   7323.20
Th II  7324.00
Th I   7324.80
Th I   7328.28
Th I   7329.48
7320
7330
7340
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7360
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w
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0 2 4 6 8
log flux [cts.]7320
7330
7340
7350
7360
7370
7380
w
av
elength [Å]
0 2 4 6 8
 7330Å
 −
 
 7380Å
: 15 lines
Th I   7323.20
Th II  7324.00
Th I   7324.80
Th I   7328.28
Th I   7329.48
Th I   7332.07
Th I   7336.93
Th I   7341.15
Th I   7342.56
Ne II  7343.94
Th II  7346.27
Th I   7351.35
Th II  7358.35
Th I   7361.36
Th I   7362.21
Th I   7370.85
Th I   7372.11
Th I   7376.20
Th I   7376.89
Th I   7377.89
7370
7380
7390
7400
7410
7420
7430
w
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 7430Å
: 21 lines
Th I   7370.85
Th I   7372.11
Th I   7376.20
Th I   7376.89
Th I   7377.89
Th I   7384.02
Th I   7385.50
Th I   7386.33
Th I   7386.92
Th II  7389.25
Th I   7390.10
Th II  7393.44
Th II  7396.06
Th I   7396.71
blend  7398.59
Th I   7399.39
Th I   7400.43
Th I   7402.24
Th I   7410.96
Th II  7411.73
Th I   7413.59
Th I   7417.79
Th I   7418.55
Th I   7421.42
Th I   7425.24
Th I   7428.93
7420
7430
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7450
7460
7470
7480
w
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 7480Å
: 16 lines
Th I   7421.42
Th I   7425.24
Th I   7428.93
Th I   7430.24
Th II  7437.71
Th II  7439.21
Th I   7444.75
Th I   7447.85
Th I   7450.21
blend  7452.49
Th I   7453.76
Th I   7455.21
Th I   7458.76
blend  7461.31
Th II  7461.89
Th I   7463.00
Th I   7469.05
Ne I   7472.41
Th I   7474.60
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 7530Å
: 26 lines
Ne I   7472.41
Th I   7474.60
Th I   7480.64
Th I   7481.36
Th I   7483.62
Ne I   7488.75
Ne II  7492.12
Th I   7493.42
blend  7494.24
Th I   7495.54
Th I   7497.55
Th I   7499.00
blend  7499.63
Th I   7503.87
Th I   7505.29
Th I   7507.86
Th I   7508.47
Th II  7511.34Th I   7511.79
blend  7514.64
Th I   7517.93
Th I   7518.78
Th I   7520.11
Th I   7520.67
Ne II  7522.82
Th II  7525.48
Th I   7527.33
blend  7528.48
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 7580Å
: 18 lines
Th I   7520.11
Th I   7520.67
Ne II  7522.82
Th II  7525.48
Th I   7527.33
blend  7528.48
Th I   7531.80
blend  7535.68
Th I   7537.41
Th I   7540.57
Ne I   7543.98
Th I   7549.31
Th I   7555.33
blend  7556.22
Th I   7557.77
Th I   7565.86
Th II  7566.55
Th I   7567.75
Th I   7569.55
blend  7570.58Th I   7571.04
Th I   7573.34
Th I   7577.53
Th I   7579.46
7570
7580
7590
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w
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 7630Å
: 27 lines
blend  7570.58Th I   7571.04
Th I   7573.34
Th I   7577.53
Th I   7579.46
Th I   7580.36
Th I   7583.44
blend  7585.77
Th I   7586.99
Th I   7592.00
Th I   7598.20
Th I   7599.65
Th I   7600.76
Th I   7602.79Th I   7603.23Th I   7603.62
Th I   7605.08
Th I   7606.32
Th I   7607.82
Th II  7608.66
Th I   7609.37
Th I   7611.29
Th II  7614.78
blend  7616.70
Th I   7617.33
Th I   7620.07Th I   7620.55
Th II  7623.59
Th II  7624.30
Th I   7625.11
Th I   7625.70
Th I   7627.16
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w
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 7680Å
: 25 lines
Th I   7620.07Th I   7620.55
Th II  7623.59
Th II  7624.30
Th I   7625.11
Th I   7625.70
Th I   7627.16
Th I   7630.31
Th I   7632.12
Th I   7633.76
Th I   7635.09
Th I   7636.16
Th I   7637.27
Th I   7638.78
Th I   7642.04
Th I   7642.88Th I   7643.34
Th I   7644.75
Th I   7647.38
Th I   7649.91
Th I   7651.01
Th I   7651.74
Th I   7652.33
Th I   7653.83
Th I   7658.33
Th I   7660.04
Th I   7660.92
Th I   7668.98
Th I   7672.26
Th II  7676.23Th I   7676.71
Th I   7678.14
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 7730Å
: 22 lines
Th I   7672.26
Th II  7676.23Th I   7676.71
Th I   7678.14
Th I   7682.05
Th I   7683.03
Th II  7685.31
Th I   7686.16
Th I   7688.99
Th I   7691.76
Th I   7693.80
Th I   7697.95
Th I   7699.42Th I   7699.76
Th II  7701.10
Th I   7703.67
Th I   7706.48
Th I   7710.26
Th I   7711.11
Th I   7712.35
Th I   7713.93
Th I   7721.19
Th I   7723.75
Ne I   7724.61
Th I   7728.94
Th II  7729.62
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w
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 7780Å
: 17 lines
Th I   7721.19
Th I   7723.75
Ne I   7724.61
Th I   7728.94
Th II  7729.62
Th II  7731.72
Th I   7736.42
Th I   7738.35
Ne II  7740.72
Th I   7742.55
Th II  7743.92
Th II  7747.43
Th II  7748.43
Th I   7751.46
Th I   7761.73
Th I   7762.75
Th II  7764.67
Th I   7767.01
Th I   7771.97
Th I   7776.69
Th I   7778.51
Th I   7779.77
7770
7780
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w
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0 2 4 6 8
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 7830Å
: 26 lines
Th I   7771.97
Th I   7776.69
Th I   7778.51
Th I   7779.77
Th I   7781.84Th I   7782.33
Th I   7783.48
Th I   7784.25Th II  7784.64
Th I   7785.78
Th I   7788.94
Th I   7793.14
Th I   7798.35
blend  7799.61Th I   7800.00
Th I   7804.52
Th II  7805.97
Th II  7807.01
Th I   7807.87Th II  7808.33
Th I   7809.37
Th I   7810.62Th II  7811.08
Th I   7813.47
blend  7816.14
Th I   7817.15
Th I   7817.76
Th I   7819.31
Th I   7822.37
Th I   7824.44
7820
7830
7840
7850
7860
7870
7880
w
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elength [Å]
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 7880Å
: 22 lines
Th I   7822.37
Th I   7824.44
Th II  7833.78
Th II  7834.45
Th I   7835.61
Th I   7836.45
Ne I   7839.04
Th I   7841.77Th I   7842.24
Th I   7843.49
blend  7847.52
Th I   7848.44
Th I   7851.00
Th II  7853.31
Th I   7862.36
blend  7863.45
Th I   7864.03
Th I   7865.23
Th I   7865.98
Th I   7867.70
Th I   7868.97
Th II  7871.37
Th II  7872.65
Th II  7875.48
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 7930Å
: 18 lines
Th II  7871.37
Th II  7872.65
Th II  7875.48
Th I   7882.10
Th I   7883.64
Th I   7886.30
Th II  7891.85
Th I   7892.58
Th I   7893.63
Th II  7894.79
Th II  7896.46
Th I   7899.63
Th I   7900.33
Th I   7904.41
Th I   7914.57
Th II  7920.85
blend  7922.53
Th I   7924.99
Ne II  7926.19
Ne I   7927.11
Th I   7929.85
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w
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 7980Å
: 20 lines
Th II  7920.85
blend  7922.53
Th I   7924.99
Ne II  7926.19
Ne I   7927.11
Th I   7929.85
Th II  7933.26
Ne I   7936.97
Th I   7937.72
Th I   7941.72
Th I   7943.12
Th II  7944.95
blend  7946.07
Th II  7949.58
Th I   7954.58
Th I   7955.11
Th I   7961.96
Th I   7965.71
Th I   7968.92
Th I   7969.79Th I   7970.26
Th I   7972.60
Th II  7973.55
Th I   7974.17
Th I   7976.20
Th I   7978.99
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7990
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w
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 8030Å
: 24 lines
Th I   7970.26
Th I   7972.60
Th II  7973.55
Th I   7974.17
Th I   7976.20
Th I   7978.99
Th II  7981.24Th II  7981.68
Th II  7984.39
Th I   7987.99
Th I   7989.19
Th I   7991.39
Th I   7992.18
Th I   7993.70Th I   7994.13
Th I   7994.73
Th I   7996.97
blend  8000.05
Th I   8002.20
Th I   8003.47
Th I   8005.20
Th I   8008.40
Th I   8010.70
Th I   8013.52
blend  8015.67
Th I   8022.23
Th I   8024.23
Th I   8025.72
Th I   8026.25
Th I   8027.06
8020
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w
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 8080Å
: 17 lines
Th I   8022.23
Th I   8024.23
Th I   8025.72
Th I   8026.25
Th I   8027.06
Th I   8030.19
Th I   8032.42
blend  8035.62
Th II  8036.83
Th I   8037.74
Th I   8038.65
Th I   8043.12
Th I   8045.12
Th I   8046.28
Th I   8046.82
Th I   8052.69
Th II  8054.52
Th I   8057.99
Th I   8062.61
Th I   8066.81
Th I   8075.64
Th I   8076.97
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 8130Å
: 18 lines
Th I   8075.64
Th I   8076.97
Ne I   8082.40
blend  8084.34
Th I   8085.22
Th I   8086.58
Th I   8089.49
Th I   8090.06
Th I   8092.26
Th I   8093.64
Th I   8096.28
Th I   8097.51
Th I   8100.83
Th II  8105.42
Th I   8114.59
Ne I   8118.53
Th I   8121.07
Th I   8122.73
Ne I   8128.90
Th I   8129.40
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 8180Å
: 21 lines
Th I   8121.07
Th I   8122.73
Ne I   8128.90
Th I   8129.40
Th II  8130.26
Th I   8132.97
Ne I   8136.31
Th I   8137.91
blend  8138.47
Th II  8139.86
Th I   8143.13
Th I   8154.17
Th I   8155.94
Th I   8157.53
Th I   8159.71
Th I   8162.05
Th II  8163.10
Th II  8165.12
Th II  8166.44
Th I   8167.83
Th I   8168.82
Th I   8169.77
Th I   8172.11
Th II  8177.15
Th I   8179.00
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 8230Å
: 26 lines
Th I   8172.11
Th II  8177.15
Th I   8179.00
Th I   8183.81
Th I   8186.90
Th I   8189.98
Th I   8190.89
Th I   8193.21
Th I   8194.38Th I   8194.80
Th I   8195.93
Th I   8198.44
Th I   8202.15
Th II  8203.21
Th I   8205.12
Th I   8206.03
Th I   8206.94
Th I   8207.49
Th I   8209.46
Th I   8212.25
Th I   8213.48
Th I   8214.17
Th II  8217.25
Th I   8220.14
Th I   8221.84
Th I   8223.47
Th I   8224.07
blend  8224.98
Th I   8227.53
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 8280Å
: 16 lines
Th I   8220.14
Th I   8221.84
Th I   8223.47
Th I   8224.07
blend  8224.98
Th I   8227.53
Th I   8231.44
Th I   8234.36
Th I   8234.96
Th I   8235.88Th II  8236.31
Th I   8246.01
Th I   8252.39
Th I   8253.62
Th I   8254.74
Ne I   8259.34
Th I   8261.00
Th I   8263.92
Ne I   8267.11
Th I   8273.50
Th I   8275.61
Th I   8276.23
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 8330Å
: 22 lines
Th I   8273.50
Th I   8275.61
Th I   8276.23
Th II  8282.26
Th I   8285.48
blend  8287.07
Th I   8288.41
Th I   8292.51
Th II  8295.03
Th I   8295.54
Th I   8297.17
Ne I   8300.21
Th I   8304.42
Th I   8309.26
Th I   8311.03
Th I   8311.63
Th I   8314.06
Ne II  8314.98
Th I   8316.61
Th I   8320.86
Th I   8322.93
Th I   8326.09
Th I   8327.23
Th I   8328.36
Th I   8329.01
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 8380Å
: 21 lines
Th I   8320.86
Th I   8322.93
Th I   8326.09
Th I   8327.23
Th I   8328.36
Th I   8329.01
Th I   8330.47
Th I   8333.44
Th I   8335.72
Th I   8336.95
Th I   8341.50
Th II  8342.63
Th I   8344.20
Th I   8351.03
Th I   8355.15
Th I   8356.09
Th I   8357.85
Th I   8358.75
Th I   8360.43
Ne I   8365.71
Th I   8367.40
Th I   8368.39
Th I   8369.34
Ne II  8372.11
blend  8374.19
Th I   8374.91
Th I   8379.09
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 8430Å
: 17 lines
Ne II  8372.11
blend  8374.19
Th I   8374.91
Th I   8379.09
Th I   8385.72
Th I   8388.53
Th I   8398.18
Th I   8399.24
Th I   8401.98
Th II  8403.79
Th I   8406.63
Th I   8411.90
Th I   8414.96Th I   8415.40
Th I   8416.71blend  8417.13
Ne I   8418.33
Th I   8421.21
Th I   8422.40
Th I   8424.02
Th I   8426.38
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 8480Å
: 19 lines
Th I   8421.21
Th I   8422.40
Th I   8424.02
Th I   8426.38
Th I   8430.59
Th I   8432.49
Th I   8435.73
Th I   8445.49
Th I   8446.52
Th II  8452.40
Th I   8453.39
Th I   8454.94
Th I   8456.37
Th I   8464.25
Th I   8464.77
Th I   8465.69
Th I   8467.21
blend  8468.99
Th I   8470.36
Th I   8471.84
Th I   8472.60
Th I   8473.61
Th I   8478.38
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 8530Å
: 14 lines
Th I   8470.36
Th I   8471.84
Th I   8472.60
Th I   8473.61
Th I   8478.38
Ne I   8484.45
Th I   8487.49
Th I   8491.41Th I   8491.88
Ne I   8495.19
Th II  8500.69
Th I   8510.62
Th I   8513.41
blend  8514.89
Th I   8516.54
Th I   8519.32
blend  8521.43
Th I   8523.04
Th II  8523.86
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w
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 8580Å
: 20 lines
blend  8521.43
Th I   8523.04
Th II  8523.86
Th I   8530.92
Th I   8531.44
Th I   8534.66
Th I   8539.79
Ne II  8541.57
Th I   8543.72
blend  8544.69
Th I   8554.94
Th I   8556.33
Th I   8558.46
Th I   8560.44
Th I   8563.18
Th I   8564.12
blend  8564.76
Th II  8568.18
Ne I   8571.35
Th I   8573.13
Th I   8574.06
Th I   8575.33
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 8630Å
: 12 lines
Ne I   8571.35
Th I   8573.13
Th I   8574.06
Th I   8575.33
Th I   8577.27
Th II  8587.71
Th I   8588.44
Ne I   8591.15
Th I   8593.08
Th II  8600.93
Th I   8607.81
Th I   8614.67
Th I   8616.23
Th I   8618.61
Th I   8621.33
Th I   8622.10
Th II  8629.19
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8630
8640
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8670
8680
w
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 8680Å
: 14 lines
Th I   8621.33
Th I   8622.10
Th II  8629.19
Ne I   8634.52
Th I   8638.36
Th I   8639.44
Th I   8645.30
Ne I   8646.98
blend  8648.38
Th I   8650.28
Ne I   8654.22
blend  8655.44
Th I   8665.48
Th I   8667.43
Th I   8668.23
Th I   8675.41
blend  8679.43
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 8730Å
: 23 lines
Th I   8675.41
blend  8679.43
blend  8680.37
Ne I   8681.87
Th I   8685.70Th II  8686.07
Th II  8686.59
Th I   8687.87
Th I   8689.21
Th I   8691.36
Th I   8698.58
Th I   8701.09
Ne I   8704.05
Ne II  8705.55
Th I   8707.35
Th I   8709.23
Th I   8710.40
Th I   8712.87
Th I   8713.65
Th I   8714.29
Th I   8715.06
Th II  8719.63
Th I   8722.48
Th I   8723.73
Th I   8724.39
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 8780Å
: 20 lines
Th I   8722.48
Th I   8723.73
Th I   8724.39
Th I   8730.85
Th I   8732.44
Th I   8734.02
Th I   8735.77
Th I   8739.80
Th I   8743.28
Th I   8744.61
Th I   8747.18
Th I   8748.04
Th I   8749.18
Th II  8749.71
Th I   8751.22
Th I   8755.01
Th I   8758.25
Th I   8760.45
Th I   8766.74
Th I   8768.18
Th I   8771.57
Th I   8772.80
Th I   8775.56
8770
8780
8790
8800
8810
8820
8830
w
av
elength [Å]
0 2 4 6 8
log flux [cts.]8770
8780
8790
8800
8810
8820
8830
w
av
elength [Å]
0 2 4 6 8
 8780Å
 −
 
 8830Å
: 15 lines
Th I   8771.57
Th I   8772.80
Th I   8775.56
Th I   8780.46
Ne I   8781.99
Ne I   8783.60Th I   8784.06
Th I   8785.92
blend  8798.17
Th I   8804.59
Th I   8805.89
Th I   8810.26
Th I   8812.56
Th II  8816.18
Th I   8817.77
Th I   8820.38
Th I   8821.88
Th I   8829.73
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 8880Å
: 18 lines
Th I   8820.38
Th I   8821.88
Th I   8829.73
Ne I   8830.96
Th I   8833.64
Th I   8836.18
Th I   8841.14
Th I   8842.01
Th I   8843.54
Th I   8847.51
Th I   8848.28
Th I   8849.31
blend  8850.30
Ne I   8853.76
Th I   8857.89
Th I   8859.02
Ne II  8862.50
Ne I   8865.29Th I   8865.67
Th I   8868.83
Th I   8875.25
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 8930Å
: 15 lines
Th I   8875.25
Th I   8881.91
Th I   8882.54
Th I   8889.20
Th I   8890.29
Th I   8892.99
Th I   8893.54
Th I   8900.91
blend  8907.00
Th I   8910.86
blend  8912.79
blend  8914.85
Ne I   8919.45
Th I   8924.25
Th I   8928.10
Th II  8928.68
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 8980Å
: 16 lines
Th I   8924.25
Th I   8928.10
Th II  8928.68
Th I   8933.50
Th I   8941.56
Th I   8948.44
Th I   8949.14
Th I   8952.27
Th I   8955.88
Th II  8957.98
Th I   8959.33
Th I   8962.35
Th I   8962.96
blend  8965.13
Th I   8967.08
Th I   8967.72
Th I   8969.95
Th I   8978.84
Th I   8979.63
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 9030Å
: 15 lines
Th I   8978.84
Th I   8979.63
Th I   8980.66
Th I   8985.25
Th I   8987.38
Ne I   8988.53
Th I   8990.90
Th I   8994.38
Th I   8995.18
Th I   8996.80
Th I   8997.88
Th I   8999.48
Th I   9009.89
Th I   9011.62
Th I   9012.53
Th I   9016.60
Th I   9026.61
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 9080Å
: 21 lines
Th I   9026.61
Th I   9031.83
Th I   9037.90
Th II  9038.71
Th I   9039.40
Th II  9040.14
Th I   9041.73
Th I   9045.37
Th I   9048.26
Th II  9053.45
Th I   9056.08
Th I   9058.24
Th I   9059.29
Th I   9061.69
Th II  9062.56
Th I   9063.97
Th II  9066.12
Th I   9067.24
Th I   9069.56
Th II  9072.31
Th I   9073.04
Ne II  9079.46
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 9130Å
: 18 lines
Th II  9072.31
Th I   9073.04
Ne II  9079.46
Th I   9082.46
Th I   9084.61
Th I   9090.85
Ne II  9094.31
blend  9094.87
Th II  9096.82
Th I   9097.99
Th I   9101.15
Th I   9105.54
Th I   9107.32
Th I   9109.42
Th I   9111.63
Th II  9112.63
Th I   9117.99
blend  9119.52
Th I   9126.25
Th I   9129.12
Th II  9129.67
9120
9130
9140
9150
9160
9170
9180
w
av
elength [Å]
0 2 4 6 8
log flux [cts.]9120
9130
9140
9150
9160
9170
9180
w
av
elength [Å]
0 2 4 6 8
 9130Å
 −
 
 9180Å
: 16 lines
Th I   9126.25
Th I   9129.12
Th II  9129.67
Th I   9132.22
Th I   9134.65
Th II  9135.91
Th I   9140.54
blend  9141.78
Ne I   9148.62
blend  9152.75
Th I   9153.36
Th I   9155.29
Th I   9156.17
Th I   9165.90
blend  9167.80
Th I   9170.82
Th I   9171.35
Th I   9178.78
Th I   9179.82
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 9230Å
: 13 lines
Th I   9170.82
Th I   9171.35
Th I   9178.78
Th I   9179.82
Th I   9181.92
Th I   9187.55
Th I   9193.58
Th I   9199.70
blend  9201.71
Th I   9203.97
Th I   9208.61
Th I   9215.93
Ne I   9220.04
Th I   9221.60
Ne I   9226.72
Th I   9227.54
Th I   9229.37
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w
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 9280Å
: 17 lines
Ne I   9220.04
Th I   9221.60
Ne I   9226.72
Th I   9227.54
Th I   9229.37
Th I   9232.54
Th II  9233.34
Th I   9239.38
Th I   9243.84
blend  9245.35
Th I   9248.19
blend  9249.95
Th I   9250.67
Th I   9260.47
Th I   9263.85
Th I   9266.04
Th I   9266.77
Th II  9267.52
Th I   9270.01
Th I   9271.06
Ne I   9275.42
Th I   9276.18
w
w
w
.a
n
-jo
u
rn
a
l.o
rg
c©
2
0
0
6
W
IL
E
Y
-V
C
H
V
erlag
G
m
b
H
&
C
o
.K
G
aA
,
W
ein
h
eim
8
1
8
A
m
m
ler-v
o
n
E
iff
et
al.:
W
av
elen
g
th
calib
ratio
n
w
ith
T
h
N
e
lam
p
s
9270
9280
9290
9300
9310
9320
9330
w
av
elength [Å]
0 2 4 6 8
log flux [cts.]9270
9280
9290
9300
9310
9320
9330
w
av
elength [Å]
0 2 4 6 8
 9280Å
 −
 
 9330Å
: 11 lines
Th I   9270.01
Th I   9271.06
Ne I   9275.42
Th I   9276.18
Th I   9286.37
blend  9287.52
Th I   9289.53
Th I   9294.27
Th I   9294.95
Ne I   9300.82
Th I   9307.90
Ne I   9310.59
Ne I   9313.98
Th I   9317.73
Th I   9326.48
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 9380Å
: 7 lines
Th I   9326.48
Th I   9336.16
Th I   9340.71
blend  9344.11
blend  9366.87
Ne I   9373.34
Th II  9378.56
Th I   9379.78
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 9430Å
: 11 lines
Ne I   9373.34
Th II  9378.56
Th I   9379.78
Th I   9380.67
Th I   9383.33
Th I   9389.00
blend  9390.67
Th I   9392.35
Th I   9399.20
Th I   9402.53
blend  9405.41
Th I   9409.52
Th I   9413.79
Ne I   9425.20
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 9480Å
: 12 lines
Ne I   9425.20
Th I   9431.48
Th II  9432.12
Th I   9435.04
Th I   9436.72
Th I   9446.93
Th I   9450.44
blend  9455.18
Ne I   9459.20
Th I   9461.03
Th I   9467.20
Th I   9470.68
blend  9474.89
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 9530Å
: 10 lines
Th I   9470.68
blend  9474.89
blend  9482.28
Th II  9483.93
Ne I   9486.65
Th I   9495.51
Th I   9497.20
Th I   9500.33
Th II  9504.26
Th I   9505.41
Th I   9507.68
Th I   9510.98
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 9580Å
: 5 lines
Ne I   9534.22
Th I   9536.46
Ne I   9547.51
Th II  9558.29
Th I   9559.82
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 9630Å
: 14 linesTh I   9588.63
Th I   9590.19
Th I   9595.27
Th I   9605.75
Th I   9608.43
Th I   9611.28
blend  9613.64
Th I   9619.20
Th I   9620.98
Th I   9623.39
Th I   9625.19
Th I   9625.75
Th I   9627.66
Th I   9629.57
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 9680Å
: 12 lines
Th I   9620.98
Th I   9623.39
Th I   9625.19
Th I   9625.75
Th I   9627.66
Th I   9629.57
Th I   9630.76
Th I   9632.64
Th I   9636.91
Th I   9643.31
Th I   9656.45
Th I   9664.74
Ne I   9665.42
blend  9670.82
Th I   9674.83
Th I   9676.12
blend  9676.90
Th I   9678.27
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 9730Å
: 10 lines
blend  9670.82
Th I   9674.83
Th I   9676.12
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